1] Medicanes or "Mediterranean hurricanes" are extreme cyclonic windstorms morphologically and physically similar to tropical cyclones. Owing to their potential destructiveness on the islands and continental coastal zones, medicane risk assessment is of paramount importance. With an average frequency of only one to two events per year and given the lack of systematic, multidecadal databases, an objective evaluation of the long-term risk of medicane-induced winds is impractical with standard methods. Also, there is increasing concern about the way these extreme phenomena could change in frequency or intensity as a result of human influences on climate. Here we apply a statistical-deterministic approach that entails the generation of thousands of synthetic storms, thus enabling a statistically robust assessment of the current and future risk. Fewer medicanes but a higher number of violent storms are projected at the end of the century compared to present, suggesting an increased probability of major economic and social impacts as the century progresses.
Introduction
[2] Tropical-like cyclones of a few hundreds of kilometers in diameter occasionally evolve over the Mediterranean Sea [Ernst and Matson, 1983; Rasmussen and Zick, 1987; Reale and Atlas, 2001] , posing a serious threat to any densely populated area found in the vicinity of their tracks. These storms have captured the attention of the research community and have been called medicanes (see Figure 1 for an example). Two basic facts in addition to its maritime origin reinforce the tropical analogy of a medicane: (i) its visual appearance in satellite images (as vigorous, highly concentric cloud bands wrapped around a central eye; e.g., ) and (ii) the essential roles of sea-to-air heat fluxes and latent heat release within the core of the storm as revealed by numerical simulations of real events [e.g., Lagouvardos et al., 1999; Homar et al., 2003; Fita et al., 2007; . Observations and simulations agree on the warm-core and small-scale nature of medicanes, which only exceptionally will induce hurricane-force winds (i.e., greater than 63 kt or 117 km/h) at the surface [e.g., Fita et al., 2007; Moscatello et al., 2008] . Both approaches also demonstrate the great difficulty in formulating a clearcut distinction between medicanes and the broad spectrum of Mediterranean low-pressure systems, a significant fraction of which appear to be hybrid cyclonic storms that combine in different proportions the physical mechanisms of ordinary extratropical disturbances (e.g., frontal dynamics) with those described above. Some works conclude, for instance, that only 0.5 storms per year fulfill very strict medicane criteria in terms of cloud structure, degree of symmetry, size, and life span on satellite imagery . When these criteria are relaxed to better account for the hybrid type of medicane, 1.5 storms per year are detected according to an informal register of events maintained by our group (see www.uib.es/depart/dfs/meteorologia/ METEOROLOGIA/MEDICANES). An independent recent work [Cavicchia, 2013] established that about 1.6 genuine medicanes form over the Mediterranean basin per year. The present study deals with a geographical window somewhat larger than the Mediterranean waters by including the Black Sea and a sector of the Atlantic ocean (see Figure 8 ); therefore, for the purposes of a frequency normalization needed later on in our method, we will assume that two medicanes per year occur on average under the current climate.
[3] Some fundamental questions arise with regard to the actual medicane risk along the Mediterranean coasts: Are there favored locations for the development and maintenance of medicanes? How intense can they become? How could they react to human-induced global warming? Owing to the still short satellite history and the rarity of the phenomenon, these and other relevant questions are condemned to remain largely unanswered from a mere statistical analysis of the few existing records. The rarer the event, the more difficult it is to identify climatological patterns and long-term changes, simply because there are fewer cases to evaluate [Frei and Schär, 2001; Klein Tank and Können, 2003] . With regard to the effects of global warming, for the more abundant tropical cyclones, a substantial upward trend was reported in power dissipation (i.e., the sum over the lifetime of the storm of the maximum surface wind speed cubed) over the last decades in the well-sampled North Atlantic and western North Pacific [Emanuel, 2005a; Webster et al., 2005] . This seems to be a consequence of the overall increase of tropical and subtropical sea surface temperature, which influences positively the so-called "potential intensity" (PI) of tropical cyclones through alterations of the surface energy flux [Emanuel, 1987; Lighthill et al., 1994; Henderson-Sellers et al., 1998] . PI expresses a balance between the mechanical energy available from the thermodynamic cycle that describes the steady state of an idealized tropical cyclone according to the air-sea interaction theory [Emanuel, 1986] and turbulent dissipation in the storm's atmospheric boundary layer. It is calculated from the environmental conditions as follows:
where T S is the sea surface temperature, T O the mean temperature at the top layer of the storm, k is the specific enthalpy of Depiction of the spatial-physical pattern for the first PC extracted from the October data of ERA-40 reanalysis. It represents a high/low (or low/high) dipole along the NW-SE direction on geopotential heights at 250 and 850 hPa (Z250 and Z850 maps) associated with warm/cold (or cold/warm) temperature at 600 hPa (T600 map), dry/moist (or moist/dry) midtroposphere (R600 map) and reduced/enhanced (or enhanced/reduced) potential intensity (PINT map). PC loadings are contoured at 0.2 interval, with negative areas shown as dotted.
air near the surface, k 0 * is the enthalpy of air in contact with the ocean, assumed to be saturated with water vapor at ocean temperature, and C D and C k are the dimensionless transfer coefficients of momentum and enthalpy. The further increase of potential intensity during this century as projected by global climate models (GCMs) [Emanuel, 1987] is consistent with the increase in modeled storm intensities in a warmer climate [Knutson and Tuleya, 2004] . In contrast, no significant signal beyond natural variability has been detected in tropical cyclone global frequency over the past several decades [Webster et al., 2005] , and research on possible future changes seems to offer ambiguous results with regard to increases or decreases in the total number of storms [Henderson-Sellers et al., 1998; Royer et al., 1998; Sugi et al., 2002] .
[4] First attempts to evaluate medicane risk and its possible changes have been undertaken in recent years based on two different perspectives. The first approach examined the spatial and temporal variability of large-scale parameters (e.g., PI or derived quantities) indicative of the meteorological environments in which medicanes occur . Unfortunately, these environmental proxies behave as necessary but not sufficient ingredients for the genesis of medicanes, and similar or even greater threshold values are found in ordinary cyclonic situations. Therefore, the utility of this approach is limited to providing only a general sense of the potential risk and its evolution. This type of analysis predicted an overall decrease in the future occurrence of medicane-prone meteorological situations. The second method consists of detecting and tracking symmetric warm-core cyclonic disturbances generated in nested climatic simulations. With this technique, Gaertner et al.
[2007] found an enhanced future risk of severe medicane development using an ensemble of nine regional climate models (RCMs) covering the 1961-1990 and 2071-2100 time slices. The recent work of Cavicchia [2013] found a reduction of about 40% in the number of medicanes by the end of the century using a high-resolution RCM forced by a single global model. Owing to the high computational cost, this technique is limited by the horizontal resolutions used, which do not usually allow the RCMs to resolve the vast majority of medicanes as we know them today (i.e., smallscale vortices with very detailed inner region dynamics), and by the production of too few climate realizations as to permit an adequate and complete sampling of the probability distribution function of storms.
[5] Here we devise an alternative risk assessment method taking advantage of the statistical-deterministic approach developed by the second author and his team in the context of the long-term wind risk associated with tropical cyclones Emanuel, 2006; Emanuel et al., 2008] . This approach generates thousands of synthetic storms with low computational cost, thus enabling a statistically robust assessment of the spatial-temporal risk function, in the form, for instance, of geographical distributions of return periods for extreme winds. By using GCM transient climate simulations instead of reanalyses as input data, the capabilities of this technique can be expanded to account for the expected effects of global warming.
Generation of Synthetic Medicanes

Summary of the Original Method
[6] In the original synthetic storm generation method, long-term records of tropical cyclone development are used to construct a space-time probability density of storm genesis over the great ocean basins . Random draws from this distribution are used to initiate synthetic storm tracks. (An alternative method developed by Emanuel et al. [2008] randomly seeds the basin with weak warm-core cyclones.) Randomly varying synthetic time series of tropospheric mean winds are then generated which, however, have monthly mean, variances, and covariances that rigorously conform to climatological statistics from reanalysis or GCM data and which also conform to the power spectrum of geostrophic turbulence. Once created, these synthetic time series of tropospheric mean flow are used to generate synthetic storm tracks, making use of the observation that tropical cyclones move with a weighted mean environmental flow of the troposphere, plus a correction for the so-called "beta effect" owing to the Earth's curvature (the Beta and Advection Model; Marks [1992] ). With this technique, it is easy to generate a very large number of storm tracks. Dynamical conditions along these tracks (e.g., vertical wind shear) are extracted from the synthetic winds, while other necessary thermodynamical parameters (e.g., potential intensity) are taken from the monthly climatologies interpolated to the storm position. Finally, a simple but accurate deterministic tropical cyclone intensity model, involving both atmospheric and oceanic elements [Emanuel, 1995] , is run over each track to produce synthetic time series of storm intensity, including the radial distribution of wind. By this means, an accurate probability distribution of hurricane winds at any point can be generated. 
Mediterranean Specificities
[7] Unfortunately, the same statistical-deterministic technique cannot be applied directly to the Mediterranean. First, the history of medicane genesis is far too sparse to form a reasonable probability distribution of genesis. Second, the monthly climatological mean potential intensity is inadequate for generating synthetic medicanes, because such storms appear only to develop under conditions that depart quite far from climatology. Indeed, synoptic and numerical analyses of a few well-known cases show that an inevitable precursor of these storms is the approach, or development in situ, of a deep, cutoff, cold-core cyclone in the upper and middle troposphere [Emanuel, 2005b; . Such a meteorological scenario does not admit the separation of time scales made over the tropics between the synthetic wind field (characterized by a fast scale) and the thermodynamical environment found along the tracks (a slow-varying property). Dynamical and thermodynamical factors appear strongly interlinked and evolve in close conjunction with the movement, growth, and decay of midlatitude weather systems. These characteristic modes of interrelation and organization of the fields in space and time should dictate our adapted method for the synthetic generation of tracks. On the other hand, application of some reasonable criteria for the detection of good candidates among these tracks, in terms of the potential genesis of a medicane, seems to be also necessary. (We could of course attempt to simulate a countless collection of unfiltered tracks (e.g., randomly distributed over the maritime areas), but the computational burden necessary before producing a sufficient number of medicanes would make this exercise very inefficient.)
Description of the New Method
[8] The generation of synthetic medicanes demands a redesign of the original method with regard to the production of physically sound trajectories and concomitant kinematic and thermodynamical environments. Here we introduce a new method in which the spatial and temporal variability at synoptic scale of key ingredients for the environmental control of these storms that are needed by the intensity model (potential intensity, midtropospheric temperature and humidity, and winds in the lower and upper troposphere) is converted via principal component analysis (PCA) into a new space represented by the resulting independent principal components (PCs). This decomposition is performed for each month separately to better encompass the marked annual cycle of the . It is shown the geopotential height at 250 hPa (contour interval 60 gpm) extracted from the ERA-40 reanalysis at 12:00 UTC (REAL) and from three synthetically generated analogs (SYNTHETIC 1, 2, and 3). For each case, potential tracks identified during the episode according to the method described in the text are indicated (note that SYNTHETIC 3 did not produce tracks).
Mediterranean region and is implemented in two sequential steps using daily gridded fields of PI, temperature, and relative humidity at 600 hPa and geopotential heights at 850 and 250 hPa (as surrogates of the winds via the geostrophic relation) extended over the geographical domain shown in Figure 8 . First, we account for the existing correlations in space and, simultaneously, among the fields (i.e., correlations between all possible pairs of time series pertaining to the same or different physical variables) and subject the corresponding spatial-field correlation matrix to PCA. These correlations are so prominent that with only 10 PCs it is possible to account for about 70% of the variance in the data, although we systematically retain all PCs to avoid missing any "small-scale" meteorological structure explicitly resolved in the reanalysis or GCM coarse fields. We can refer to these PCs as spatial-physical PCs. By definition, any given set of these PCs would result in a physically meaningful daily state since it would express a proper linear combination of the spatial and intervariable modes of variation found in the climatic data (see an example of these modes for the first PC in Figure 2 ), but this would not solve the problem of the temporal evolution of the states. Therefore, we account for the temporal structure of the data in a second step, where the matrix of the time-lagged correlations among the previous spatialphysical PCs is subjected to a new PCA. For these correlations, we consider a time window up to 10 days (enough to comprise any synoptic-scale evolution over the considered region), and we can refer to the resulting PCs as temporal PCs. Again, we retain all these PCs. These temporal PCs, with mean 0 and standard deviation 1, very nicely tend to follow a Gaussian distribution, and therefore their probabilities can be easily analytically described (Figure 3 ).
[9] By construction, random draws from the fitted probability distribution of these independent temporal PCs, once converted back into physical space via the intermediate spatial-physical PCs, are tantamount to generating 10 day sequences of spatiotemporally coherent fields compatible with the observed climate, which also respect the mutual covariances among the environmental fields. Nevertheless, we are not so permissive in our final method, and, instead, observed states (i.e., observed combinations of temporal PCs) are first randomly selected from the data and then slightly perturbed in each temporal PC. These positive or negative perturbations are independent for each PC and randomly defined according to a normal distribution of standard deviation 0.25 (see Figure 3 ). The final result of the method is thus the production of synoptic evolutions that behave as analogs of locations actually visited in the climate phase space.
[10] The synthetic 10 day climate realizations are scrutinized for the potential incubation of medicanes based on the presence of high values of an empirical index of genesis that have been shown to accompany-as a necessary but not sufficient ingredient-the development of real events . This index was formulated by Emanuel and Nolan [2004] in the context of tropical cyclone research:
and depends on potential intensity (PI), absolute vorticity at low levels (), midtropospheric relative humidity (RH), and vertical wind shear across the troposphere (V shear ). The GEN index summarizes the essence of the medicane-prone environments established over the Mediterranean Sea when a large-scale baroclinic system, maturing into a cold cutoff low at midtropospheric to upper-tropospheric levels, approaches or develops in situ. In these circumstances, the air through a deep layer of the troposphere is lifted through large vertical displacements, cooling it and increasing its relative humidity. Such an atmosphere is susceptible to tropical cyclone-like development for several reasons: first, the local thermodynamic potential for tropical cyclones is large according to (1), owing to the anomalously large air-sea thermodynamic disequilibrium; the air through a deep column is very humid, inhibiting the formation of convective downdrafts that tend to prevent this kind of cyclogenesis; and the wind shear-both directional and in magnitude-will not be large under this mature synoptic scenario. Note that all these ingredients favor high values of GEN according to expression (2).
[11] Based on the GEN spatial distribution computed from the synthetic daily fields, a possible medicane genesis is implied when, within a cyclonic environment ( > 10 À4 s À1 ), we observe a local maximum of GEN exceeding 20 units. When a potential genesis event is detected, a candidate track is built from its location using the Beta and Advection Model, integrated 6 h backward in time (in order to account for the preexisting conditions) and several days forward in time, with a time step of 30 min. The meteorological Figure 6 but for the regional distribution of medicane genesis locations. These regions are indicated in the bottom panel of Figure 8 . parameters, bathymetry, and ocean mixed layer depth necessary for the atmospheric-oceanic numerical model simulations are obtained by interpolation along the track points.
An Example
[12] The ability of the GEN-based criteria to capture the medicane potential of upper-tropospheric cold-core lows was tested on known episodes of medicanes from using the ERA40 reanalyses. The method invariably indicated one or several potential tracks within these scenarios (see an example for the medicane of March 1999 in Figure 4 ). This example also illustrates the effects of the randomly built synoptic analogs on the number and position of trajectories. An open question when more than one track is inferred is whether we should limit the subsequent atmospheric-oceanic model simulation to a single track (e.g., the one exhibiting the largest accumulated values of GEN along its path), but here we interpret the number of tracks as another indicator of the probability of genesis offered by a particular environment, and since we are pursuing a statistical depiction of the medicane risk, not the analysis of individual case studies, we simulate all of them.
Medicanes in the Present and Future Climates
Experiments
[13] Many thousands of climate realizations were generated using the aforementioned technique for each month of the year based on daily data from the ERA40 reanalysis [Uppala et al., 2005] [Cai et al., 2003 ], ECHAM 5 [Cubasch et al., 1997] , GFDL CM2.1 [Manabe et al., 1991], and MIROC 3.2 [Hasumi and Emori, 2004] . The horizontal resolution of these GCMs ranges from 1.9 to 2.8 depending on the model; for consistency, we used the ERA40 reanalyses at a resolution of 2.5 . As representative of the current and future climate conditions, the periods 1981-2000 and 2081-2100 have been chosen from these data sets.
[14] Around 15,000 candidate tracks were synthetically generated for the ERA40 and GCM climates of the baseline period. The frequency of successful storms (i.e., storm tracks exhibiting intensification to at least tropical storm force winds of 34 kt or 63 km/h) was about 10-20%, and these absolute frequencies were normalized in each case to the "observed" rate of two storms per year. (Such a normalization is necessary because the initial random seeding rate is arbitrary.) Finally, candidate tracks were generated and simulated for the future period of each GCM based on the same number of 10 day realizations that was used for the current climate, and the frequency of simulated medicanes normalized in proportion. It should be noted that the statistical products shown in the next section (e.g., return periods) were calculated using the full set of simulated successful storms (i.e., several thousands), as if we were dealing with large samples of events occurring through the centuries in a "frozen" climate; the effects of the frequency normalization on these products is a simple rescaling of the calculated values.
Results
[15] The four analyzed models all indicate a reduced frequency of medicanes by the late 21st century: the current long-term risk of 200 storms per century decreases to 183, 174, 152, and 111 storms according to GFDL, CSIRO, MIROC and ECHAM future climates, respectively. Interestingly, the projection made in Cavicchia [2013] using a dynamical downscaling of the ECHAM climate revealed a similar reduction of about 40% in the future incidence of medicanes. In spite of the projected shrinkage in the number of medicanes, the models systematically produce a higher number of violent storms, i.e., with maximum surface winds greater than 80 kt. This change in the intensity distribution is nicely illustrated in Figure 5 as an upward deflection of the future return period curves beyond the 10 year coordinate. Since the four analyzed GCMs seem to be underestimating the maximum intensity of storms in the current climate (i.e., model curves lie below the ERA40 reference plot in Figure 5 ), the expected increase in the future incidence of severe medicanes could be even worse than numerically predicted.
[16] Documented cases of medicanes [e.g., show that this phenomenon is most frequent in the cold season and in the western and central basins of the Mediterranean. Such seasonal and subregional patterns are confirmed in the distributions of ERA40-derived synthetic storms, shown as dark gray in the bar charts of Figures 6 and 7 . Autumn incidence is double the frequency of winter storms, and very few cases occur in the warm season, while there is a linear decreasing trend in the genesis of storms from west to east in the Mediterranean, and hardly 10 cases per century can be expected over the Atlantic sector and Black Sea. Clearly, the cold air intrusions from higher latitudes that tend to occur over the west-central Mediterranean in the cold season are the ideal circumstances for building the thermodynamic disequilibrium between the sea and the atmosphere needed by medicanes, even in the winter period when sea surface temperatures can be as low as 14-15 C.
[17] The ability of the GCMs to reproduce for the baseline period the previous seasonal and regional distributions is a crucial test for the models, since the only type of calibration applied in our method was for the total number of storms. The annual cycle is reasonably well captured by the models except by MIROC, which exhibits its maximum in winter instead of autumn ( Figure 6 ). The projected loss of storms would affect the four seasons of the year, in such a way that the seasonal distribution is not expected to change in the future in relative terms. Again, MIROC seems to be an exception to the general rule, showing an appreciable loss of events in winter but a significant gain in autumn. Regarding the subregional distributions (Figure 7) , the projections seem to be more uncertain and some of the individual results for the current climate even problematic. In comparison with ERA40, the best results are obtained with CSIRO and ECHAM models, although they tend to overemphasize the Atlantic and Eastern-Region storms, respectively. GFDL underestimates the frequency of medicanes in the western regions in favor of the central and eastern regions. Another anomalous behavior is that of [18] Finally, Figures 8 and 9 summarize the wind risk associated with medicanes under present and future climatic conditions. This risk is expressed by means of the calculated return periods of tropical storm force surface winds (1 min average greater than 34 kt) and also of surface winds above 60 kt (i.e., roughly hurricane-force speeds). The bottom panel of Figure 8 confirms our current understanding of the medicane phenomenology: these storms more often affect the islands and coasts of the western and central basins than elsewhere among the populated areas of the Mediterranean. The maximum 34 kt risk (i.e., lowest return periods) regions are found around Sicily and south of the Italian peninsula. Return periods of violent winds of 60 kt and greater, average around a few centuries in much of the Mediterranean basin and attain values less than a century over southern Italy, Sicily, and nearby maritime areas. The general spatial pattern of the risk is well captured by CSIRO and ECHAM for both wind thresholds, although with a certain tendency to overemphasize medicane activity westward in the former model and eastward in the latter. Compared to ERA40, the simulated highest wind risk based on GFDL is shifted somewhat eastward and mostly focused on the central region. As already discussed, MIROC produces too many tracks in the eastern region and too few in the central and western basins (Figure 8 ). It should be noted that slight or even severe discrepancies of GCM-based products at subregional scales are a known limitation of these tools, including their applications to hurricane risk assessment [e.g., Emanuel et al., 2008] .
[19] The lower frequency of storms projected for the future is evident in the risk of medicane winds (compare Figure 9 versus Figure 8 for the 34 kt category): there is a general increase in future return periods for the four GCMs. Regarding the spatial pattern of the risk, this pattern is only slightly changed in the most reliable models at subregional scales (CSIRO and ECHAM), while there is a future tendency to spread medicane risk toward the east in GFDL and to shift it toward the central Mediterranean in MIROC. In spite of the expected decrease in the future occurrence of tropical storm force winds, the areal extent of the risk of violent winds (say 60 kt events, Figure 9 , and higher extremes, not shown) is maintained or increased in all future climates, again in agreement with the statistics shown in Figure 5 .
Implications
[20] This work adapted for the Mediterranean region our statistical-deterministic approach to hurricane risk assessment, with the aim of assessing medicane risk under current and future climate conditions. The new method is a good alternative to computationally expensive classical methods (e.g., dynamical downscaling of storms), with the extra benefit of producing statistically large populations of events.
[21] We produced unprecedented wind risk maps for the Mediterranean region, in general agreement with the "known" phenomenology of medicanes in the current climate as derived from the few documented cases: these rare but extreme storms show their maximum incidence in the cold season and over the central Mediterranean region. A similar spatial-temporal signal can be inferred from the few existing exercises of dynamical downscaling of medicanes, and our own dynamical projections for the future seem to agree with the general trends in medicane distribution and intensity found in this work. Nevertheless, a thorough comparison for the problem of dynamical downscaling and statistical-deterministic techniques is a pending task. We are also planning an extension of this work to the most recent generation CMIP5 climate models and a wider choice of models and emission scenarios in order to better resolve the uncertainties that affect medicane risk assessment, especially at subregional scale.
[22] In spite of these geographical uncertainties, the GCMs analyzed in this work consistently project fewer medicanes at the end of the century compared to present (about 10-40% less) but indicate a higher number of violent cases. As the production of wind energy-and thus the power of destruction-of these storms is proportional to the wind speed cubed, we see our findings as a cause of future concern for exposed Mediterranean societies.
